This paper presents the response of the ionosphere during the intense geomagnetic storms of October 12-20, 2016 and May 26-31, 2017 which occurred during the declining phase of the solar cycle 24. Total Electron Content (TEC) from GPS measured at Indore, Calcutta and Siliguri having geomagnetic dips varying from 32.23°N, 32°N and 39.49°N respectively and at the International GNSS Service (IGS) stations at Lucknow (beyond anomaly crest), Hyderabad (between geomagnetic equator and northern crest of EIA) and Bangalore (near magnetic equator) in the Indian longitude zone have been used for the storms. Prominent peaks in diurnal maximum in excess of 20-45 TECU over the quiet time values were observed during the October 2016 storm at Lucknow, Indore, Hyderabad, Bangalore and 10-20 TECU for the May 2017 storm at Siliguri, Indore, Calcutta and Hyderabad. The GUVI images onboard TIMED spacecraft that measures the thermospheric O/N 2 ratio, showed high values (O/N 2 ratio of about 0.7) on October 16 when positive storm effects were observed compared to the other days during the storm period. The observed features have been explained in terms of the O/N 2 ratio increase in the equatorial thermosphere, CIR-induced High Speed Solar Wind (HSSW) event for the October 2016 storm. The TEC enhancement has also been explained in terms of the Auroral Electrojet (AE), neutral wind values obtained from the Horizontal Wind Model (HWM14) and equatorial electrojet strength from magnetometer data for both October 2016 and May 2017 storms. These results are one of the first to be reported from the Indian longitude sector on influence of CMEand CIR-driven geomagnetic storms on TEC during the declining phase of solar cycle 24.
Introduction
Ionospheric storms describe variations in the ionosphere due to geomagnetic disturbances. These storms occur due to the input of solar wind energy into the magnetosphereionosphere-thermosphere system. Generally, a geomagnetic storm occurs following a Coronal Mass Ejection (CME) when the polarization of Interplanetary Magnetic Field (IMF) Bz changes from northward to southward. It remains southward for several hours (Gonzalez et al., 1994) and reconnects with the Earth's magnetic field (Dungey, 1961) . During the declining phase of the solar activity, another important phenomenon that causes geomagnetic storms is the coronal holes. Coronal holes emanate High Speed Solar Wind (HSSW) (>750-800 km/s) streams which overtakes and interacts with slow (300-400 km/s) streams near the ecliptic plane to produce regions of intense magnetic field called Corotating Interaction Region (CIR) (Tsurutani et al., 2005) . The magnetic storms caused by CIRs are of weak to moderate intensity because the z component of the Geocentric Solar Magnetospheric (GSM) magnetic field within the CIR is of oscillatory nature (Tsurutani et al., 1995) . The southward negative component of Alfvén waves contained in the high speed streams reconnects with Earth's magnetic field to transfer energy from the solar wind to the magnetosphere-ionosphere-thermosphere system (Belcher and Davis, 1971; Tsurutani and Gonzalez, 1987; Kavanagh and Denton, 2007; Turner et al., 2009) . CME-related magnetic storms refer to the storms driven by components such as the interplanetary shocks, the strong magnetic field of the sheath and the magnetic field in the ejecta.
Since the HSSW streams follow the CIRs, so either or both are drivers of the CIR-related storms. CME-driven storms are dominant at solar maximum while the CIR-driven storms tend to occur during the declining phase of a solar cycle. Occurrence pattern of the CME-driven storms is irregular, with highest occurrence frequency during solar maximum whereas CIR-driven storms 4 repeat with a period of about 27 days as a result of Sun's rotation, mainly during a solar cycle's declining phase. Furthermore, CME-driven storms have a shorter recovery phase lasting for about 1-2 days while the CIR-driven storms have a prolonged recovery phase that can lasts for .
Storm Sudden Commencements (SSC) are associated with the interplanetary shocks driven by the CMEs while the gradual onsets are driven by HSSW streams (Borovsky and Denton, 2006) .
The beginning of geomagnetic disturbances is associated with large variations of the IMF Bz and Prompt Penetration Electric Fields (PPEF) which results from the transmission of magnetospheric convection electric field from high to low latitudes (Vasyliunas, 1970) . The equivalent current system which is associated with the prompt penetration (Nishida, 1968a) has average periods of the order of few minutes to 3 hours. During the previous decades, both theoretical and experimental studies have clearly highlighted the characteristics of prompt penetration of magnetospheric convection electric field from high to low latitudes and the severe effects on low latitude electrodynamics. (Fejer et al., 1983; Spiro et al., 1988; Fejer and Scherliess, 1997; Basu et al., 2010) .
At the higher latitudes, Auroral Electrojet (AE) currents transfer energy in the form of heat, by the physical process of Joule heating, to the neutral gas. This Joule heating is given by the power per unit volume dP/dV = J.E, (where J is the electric current and E the electric field).
Additionally, by the process of Ampere force given by cross product of J and B, where B is the magnetic field, AE currents move the neutral wind by transfer of momentum. Electric fields and currents get generated by the changes in the neutral thermosphere circulation, at the origin of the ionospheric disturbance dynamo Fuller-Rowell et al., 2002) . The ionospheric disturbance dynamo is a long lasting process (from hours to days). Unlike PPEF which is eastward during dawn-dusk, the ionospheric Disturbance Dynamo Electric Field 5 (DDEF) is eastward in night side while westward in dayside. These effects vary slowly and are present for a long duration of time even after the subsiding of magnetic activity as a consequence of the inertia from the Coriolis force (Bagiya et al., 2011) .
The low-latitude ionosphere is characterized by Equatorial Ionization Anomaly (EIA).
The anomaly starts at 09:00 LT and by 16:00 LT moves poleward up to 15° dip latitude and finally comes back towards the dip equator and vanishes by 24:00 LT (Rastogi, 1959; Anderson, 1973; Rishbeth, 2000) . The EIA is caused by two main plasma motions at the F region. Firstly, the motion that is perpendicular to the magnetic field of the Earth, generates plasma drift directed upwards caused by the zonal eastward (day-time)/ westward (night-time) electric field produced by the E region dynamo and B. The second motion which is parallel to B, as a result, under the influence of ambipolar diffusion drift related to pressure and gravity gradients, causes plasma to diffuse following the geomagnetic field lines (Kendall and Pickering, 1967) . The day-to-day variability and dynamics of the EIA and consequently the Total Electron Content (TEC) are well known to be largely due to thermospheric winds and electric fields (Abdu et al., 1990) . The storm time variability of EIA has been addressed by several workers (Nishida, 1968a (Nishida, , 1968b Blanc and Richmond, 1980; Sastri, 1988; Fuller-Rowell et al., 1994; Kelley et al., 2003; Abdu et al., 2006) .
The enhanced eastward PPEF raises the dayside and evening ionosphere upward significantly causing huge increase in the ionospheric TEC. (Maruyama et al., 2004) . During such periods, there is a poleward extension of the EIA with its crest directing into the midlatitudes (Abdu, 1997) . During geomagnetic storms, the thermosphere and ionospheric structures are affected by ion drag forcing and Joule heati ng (Astafyeva et al., 2015) . This energy input at high latitudes modifies the ionospheric F region electron density. Hence the electric field 6 changes globally as a result of these disturbances and produces an increase in the electron density which is well known as the positive storm effect (Ngwira et al., 2012) .
Considerable amount of work on ionospheric TEC response to geomagnetic storms have been reported in literature. In recent years, (Astafyeva et al., 2015) The paper presents the effect of the October 2016 storms that was both CME and CIRinduced and May 2017 storm that was CME-induced over the Indian longitude sector. The stations have been carefully selected to reveal changes in the dynamism of the ionosphere in 7 such an extremely variable ionospheric region during geomagnetic disturbances. The paper also shows the effect of HSSW on the ionospheric TEC at different locations in and around the EIA in the Indian sector. The novelty of this work lies in the fact that impact of combined CME-and CIR-driven geomagnetic storms on ionospheric Global Navigation Satellite System (GNSS) TEC over the Indian subcontinent has not been extensively reported in literatures. Furthermore, the locations of the different observing stations ensure characterization of storm-induced effects on ionospheric TEC near the magnetic equator (Bangalore) as well as around the northern crest of the EIA (Indore and Calcutta) and beyond (Lucknow and Siliguri).
Data and Methods
A multi-constellation and multi-frequency GNSS receiver is operational since May 2016 at the Discipline of Astronomy, Astrophysics and Space Engineering, Indian Institute of Technology Indore, Indore (22.52°N, 75.92°E geographic; magnetic dip 32.23°N) which is located near the northern crest of the EIA of Indian longitude sector. This GNSS receiver has the capability of tracking GPS, GLONASS, GALILEO and SBAS geostationary satellites at multiple frequencies (L1 -1575.42MHz, L2 -1227.6MHz, L5 -1176.45MHz). The output includes the azimuth and elevation of the satellite, time (UTC) and TEC recorded at 1 minute sampling interval. Data has also been used from similar receivers operational at the Institute of Radio geographic; magnetic dip 11.78°N), have also been analyzed available at http://sopac.ucsd.edu/. Figure 1 shows the zone of reception above an elevation angle of 50° for all the stations presented in this paper along with the northern crest of EIA and the magnetic equator that passes over Tirunelveli (8.73°N, 77.70°E geographic; magnetic dip: 3.26°N). The present study emphasizes on TEC measurements obtained from a distribution of stations located at Lucknow, beyond the northern crest of EIA, Indore (located near the crest of EIA), Hyderabad (located between geomagnetic equator and northern crest of EIA) and Bangalore (located near magnetic equator) for the October 2016 storm. The stations used for the May 2017 storm are Siliguri (located beyond the crest of EIA), Calcutta (located near the EIA crest), Indore and Hyderabad.
In the analyses, Ionospheric Pierce Point (IPP) height of 350 km has been used. The The meridional and zonal neutral wind velocities described in this paper are obtained from the Horizontal Wind Model (HWM14). The model provides temporal and spatial profiles of upper atmospheric winds and tides. It is a data assimilated empirical model consisting of large dataset from Fabry-Perot interferometer, satellite measurements, sounding rockets, mediumfrequency radar, incoherent backscatter radar and also from other wind-prediction systems (Drob et al., , 2015 . In order to find the disturbed components of neutral wind, the model uses a subroutine called Disturbance Wind Model (DWM) (Emmert et al., 2008) . Furthermore, to estimate the strength of equatorial electrojet, ground magnetic data are obtained from the INTERMAGNET available at http://www.intermagnet.org/index-eng.php.
Results and Discussions

Storms of October 12-20, 2016
A magnetic filament in the Sun's northern hemisphere erupted on October 08, 2016, around 16:00 UT hurling a CME into space. The CME with a weak shock arrived at 21:21 UT on Figure 2b shows the AE index which is the difference between the strongest current intensity of the eastward and westward auroral electrojet. AE index first peaked at 17:00 UT on October 13, 2016 with a value of 1992 nT and had a second peak at 19:00 UT on October 16, 2016 with a value of 1333 nT. The first peak of AE that was observed on October 13, 2016 is due to the CME-induced storm while the second peak which was observed on October 16, 2016 is due to the CIR related magnetic storm (Koskinen, 2011) . The AE index remained above 700 nT for about an hour during 13:00 UT to 17:00 UT on October 13, 2016. In Figure 2d In order to understand the effects of geomagnetic storms over a distributed network of GPS stations in the Indian longitude sector on TEC, diurnal variations of TEC have been studied 11 from different stations. Figure 3 shows the diurnal plots of TEC that includes all satellites with elevation angle greater than 50° for the stations Lucknow, Indore, Hyderabad and Bangalore during October 12-20, 2016 plotted with reference to the average TEC for geomagnetic quiet condition. The cut-off for elevation angle has been chosen to be 50° so as to minimize the effects of sharp spatial gradients of ionization which occur in the equatorial and low latitudes. The (Buresova et al., 2014) where they report that even CIR-induced magnetic storms of weak to moderate intensity can have effects on the ionosphere in a way similar to the effects caused due to the strong storms.
Joule and particle heating of the polar upper atmosphere causes upwelling of the molecular species N 2 and O 2 and then pressure gradient force and ionospheric convection extend the molecule rich gases equatorwards (Kil et al., 2011) . The global wind circulation induced by heating of the polar upper atmosphere during storm period causes downwelling of the molecular gases in the mid-and low latitudes, thereby reducing the O + loss rate in the F region in these latitudes and causing positive storm effect (Fuller-Rowell et al., 1994 , 1996 Burns et al., 1995; Field et al., 1998) . with increase in O/N 2 ratio on October 16. The peak of AE ( 1333 nT) is observed at 19:00 UT on October 16. These also signify enhanced Joule heating on that day as the Joule heat production rate is linearly related to AE (Ahn et al., 1983) . Therefore, duration of high AE in the form of DDEF could be an explanation to the TEC enhancements observed on some of the days of this storm.
Neutral wind plays a pivotal role on the total ionization in low latitudes. Equatorward neutral wind reduces ion-recombination and increases the total O/N 2 ratio (Richmond and Roble, 1979; Balan et al., 2009 ). An enhancement of TEC near the equatorial region decreases the sharp latitudinal TEC gradient in the low latitudes. This causes negative ionospheric storm near EIA crests. The phenomenon simultaneously causes positive ionospheric storm near geomagnetic equator (Prölss, 1995; Kuai et al., 2016) . Neutral wind contributes towards the equatorial E×B plasma drift. Any such influence on vertical plasma drift may cause change in ion-recombination 13 rate and change in overall TEC (Rishbeth, 1997; Heelis, 2004) . In the paper, the effects of neutral wind on TEC are observed in geomagnetic disturbed conditions in low latitude region. It should also be noted that the positive storm effect observed for the CME-induced storm on October 13-14 was less significant than that observed during the CIR-induced storm on October 16-17. This is due to the fact that the onset of the storm at 23:00 UT on October 12 was not in the local (LT= UT+05:30) morning to noon sector in which the ionization production mechanism dominates and plasma accumulation due to mechanical effec t of neutral wind is greater than its chemical loss due to recombination (Prolss, 1991; Balan et al., 2010; Ray et al., 2017) .
Storm of May 26-31, 2017
A G3 (Strong Kp=7) geomagnetic storm started at 04:19 UT due to the activity associated with the CME of May 23, 2017 (http://www.swpc.noaa.gov/news/g3-strong-geomagnetic-stormalert-issued). Figure 9 shows the different geomagnetic storm indices for the storm days of May 26-31, 2017. The storm commenced at 16:00 UT on May 27. Dst (Figure 9a ) reached a minimum value of -125 nT at 08:00 UT on May 28, 2017 and returned to a quiet value of -5 nT at 12:00 UT on May 29, 2017. A mild storm commenced at 10:00 UT on May 29, reached a minimum of -39nT at 19:00 UT and was being restored to quiet conditions on May 31 at 16:00 UT. Figure 9b shows the AE index which first peaked at 00:00 UT on May 28, 2016 with a value of 949 nT and had a second peak at 15:00 UT on May 29, 2017 with a value of 839 nT. The AE index remained above 600 nT for 5 hours from 00:00 UT to 05:00 UT on May 28, 2017. Figure 9c shows IMF Bz component which remained below -10 nT for a period starting from 21:46 UT of May 27 to 07:34 UT of May 28 reaching a peak  -20 nT at 00:14 UT on May 28. Then again from 13:16 -14:24 UT on May 29, IMF Bz peaked to  -14 nT at 13:33 UT. Figure 9d shows the corresponding Ey which maximized to 7.86 mV/m at 00:14 UT on May 28 and 5.51 mV/m at 13:33 UT on May 29. Figure 9e plots the solar wind for the storm period. The speed remained below 500 km/s on most of the days except May 30 when it peaked to 554 km/s. Figure 10 shows the diurnal plots for the stations Siliguri, Indore, Calcutta, and Hyderabad during May 26-31, 2017 with respect to mean TEC for geomagnetic quiet condition, plotted in red; the three geomagnetic quietest days of the month being 3 rd , 25 th and 26 th . Here also the cut-off for elevation angle has been chosen to be 50°. On May 27 and May 29, prominent peaks in diurnal maximum in excess of 10-20 TECU over quiet time values (that would introduce a range error of 1.6-3.2 m at GPS L1 frequency), were observed from all the stations. Since the storm commenced at 16:00 UT on May 27 after the diurnal maximum, the only enhancement in diurnal TEC maximum that occurred during the storm was on May 29. On May 28, a decrease in the diurnal maximum was observed from the pre-storm days of May 26 and 27. 
Conclusions
In the present paper, dramatic increase in low latitude TEC has been observed in response to the October 12-20, 2016 and May 26-31, 2017 storms from the Indian subcontinent.
The October 2016 event presents a unique case of CME-induced storm (October 13-14) followed 
